The purpose of this study was to describe radiation exposure from cardiac imaging procedures over time in a general population.
The volume of medical imaging procedures incorporating ionizing radiation has been growing rapidly in recent years, especially for evaluation of cardiovascular conditions (1) . In the U.S. alone, the use of myocardial perfusion imaging (MPI) increased from Ͻ3 million in 1990 to nearly 10 million by 2002 (2) . From 2002 to 2006, the number of procedures in cardiac catheterization laboratories increased by 9% and now exceeds 4 million cases/year (3) . The use of cardiac computed tomography (CT), an emerging imaging technology, is expected to increase dramatically over the next decade (4) .
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Although advances in cardiac imaging procedures have improved the ability to assess and treat cardiovascular conditions, there is a dearth of patient-level data on radiation exposure over time from cardiac imaging procedures despite a rapid increase in their use. A recent study reported that cumulative radiation exposure from general medical imaging is substantial in many individuals (5) . In that study, MPI accounted for 22% of total effective dose of radiation received in the study population, but further assessment of other cardiac imaging procedures was not performed. Another study that examined radiation exposure from cardiac imaging procedures was conducted in the inpatient setting of a single hospital, thus limiting generalizability of radiation exposure over time to the overall population (6) . There are also gaps in knowledge regarding the type and location of cardiac imaging services currently performed in the U.S., which is an important consideration given the increase in diagnostic imaging equipment within physician offices (7) . Accordingly, we analyzed administrative claims data over a 3-year period from a large cohort of nonelderly insured adults across the U.S. to estimate mean cumulative effective doses of radiation attributable to cardiac imaging procedures. This study cohort consisted of beneficiaries age 18 to 64 years old representing a broad spectrum of individuals from the general population. We examined the proportion of individuals who received cumulative effective doses of radiation above 2 thresholds: Ͼ3 mSv/year, representing the background level of radiation absorbed from natural sources in the U.S. (8) ; and Ͼ20 mSv/year, representing the upper annual limit for occupational exposure for at-risk workers averaged over 5 years (9) . Our overall goals were to describe radiation exposure that accumulates over time in a general population from cardiac imaging procedures and to identify patient groups at risk of high radiation exposure.
Methods
Data source and study population. The study cohort consisted of nonelderly adults with health care benefits administered by United Healthcare (UHC), one of the largest private health care insurance carriers in the U.S. Administrative claims data were collected related to cardiac imaging procedures for 5 major health care markets: Arizona, Dallas, Orlando, South Florida, and Wisconsin. These markets were specifically selected because of their size and the similarity of their insurance products, as well as to provide a degree of geographic diversity. More than three fourths of individuals were enrolled in point-of-service/exclusive provider organization insurance plans with health maintenance organization plans comprising Յ12% of enrollees in any market. Dallas had the largest proportion of enrollees in preferred provider organization/indemnity plans (ϳ23%) compared with other markets (Յ2%). Within these 5 health care markets, all adults ages 18 to younger than 65 years old who were alive and continuously enrolled in a health plan administered by UHC between January 1, 2005, and December 31, 2007, were identified. Data elements. UHC administrative data included information on the age and sex of enrollees along with type of medical services performed as classified by CPT (Current Procedural Terminology) codes and the location where services were delivered. The location of imaging services was recorded in the administrative claims and classified into the following categories: hospital inpatient (performed during a hospital admission), hospital outpatient (performed within hospital facilities for nonhospitalized patients), and physician offices. Cardiac imaging procedures associated with radiation exposure were identified using CPT codes and classified into the following categories: 1) MPI scans with planar imaging, single-photon emission computed tomography, or positron emission tomography imaging; 2) diagnostic cardiac catheterization and/or percutaneous coronary intervention (PCI); 3) cardiac blood pool imaging such as an equilibrium radionuclide angiogram and multigated acquisition scan; 4) electrophysiological procedures (including device implantations and arrhythmia ablation procedures); and 5) cardiac CT. Because CPT codes for cardiac CT became effective on January 1, 2006, the analysis only considered cardiac CT studies billed during the 2-year period from 2006 to 2007. Estimates of radiation dose. We surveyed the published literature to obtain estimates of effective doses of radiation associated with each cardiac imaging procedure. Effective dose, reported in millisieverts, is a measure of the overall detrimental biological effect of a given radiation exposure. It is calculated by weighting the concentrations of energy deposited in each organ from a given radiation exposure, taking into account the type of radiation and the potential for organ-specific damage in a reference individual (10, 11) . Effective dose allows for population-level comparisons across different types of radiation exposure (9, 12) . Estimates for effective dose for cardiac imaging procedures were obtained from a recent systematic review (13) as well as other published sources (14 -16 (17) , their median injected activities (18) , and the distribution of imaging protocols in the U.S. (19) . Estimates of effective doses for the cardiac imaging procedures commonly performed in our study cohort are presented in Table 1 .
As in a previous study (5) , the 3-year cumulative effective dose was calculated for each enrollee according to the type of procedure performed and pattern of claims submitted for that service. For example, if an individual had cardiac imaging procedures across multiple categories on the same day (e.g., MPI followed by PCI), the effective doses associated with each of the procedures were included in the cumulative effective dose for the individual. However, if there were multiple imaging procedures on the same day within a single imaging category, only the procedure with the highest effective dose was added to an individual's cumulative effective dose to avoid any overestimation. For example, accumulating radiation exposures for both diagnostic left heart catheterization and a stent implantation separately would likely overestimate the dose received due to overlapping radiation exposure during these procedures; in this example, only the higher effective dose from stent implantation would be included. This conservative approach reduced the potential risk of overestimating radiation exposure. Statistical analysis. The proportion of patients who underwent any cardiac imaging procedure was calculated based on the overall denominator of enrollees and then examined across age, sex, age-sex, and service market categories. The number of cardiac imaging procedures with radiation exposure was calculated by dividing the annual number of procedures by the denominator of enrollees across 5 procedure categories (MPI, cardiac catheterization/PCI, equilibrium radionuclide angiogram/multigated acquisition scan, cardiac CT, and electrophysiological studies) and 3 locations (hospital inpatient, hospital outpatient, and physician office) as described previously.
We calculated population-based rates of receiving cumulative effective doses of radiation for 3 categories of radiation exposure based on estimates of background exposure from natural sources in the U.S. as well as categories currently recommended for radiation protection in medical occupations. The 3 categories were Յ3 mSv/year (the background level of radiation absorbed from natural sources in the U.S. [8] ); Ͼ3 to 20 mSv/year, and Ͼ20 mSv/year (the upper annual limit for occupational exposure for at-risk workers averaged over 5 years) (9) . Numerators for these rates were the number of enrollees with cumulative effective doses in these categories; denominators included the total number of eligible enrollees in the study period. Direct standardization with the overall population as a reference was used to account for differences in the distribution of age and sex across the 5 health care markets (20) . The chi-square test was used to assess differences across categories. All statistical analyses were performed with the use of SAS software version 9.1 (SAS Institute Inc., Cary, North Carolina). Study oversight. This study was investigator initiated, and the authors were responsible for its design and the creation of the article. The authors had complete control of the data and independently conducted the analysis. No external funding was provided for this study, and there was no need to obtain approval from UHC before its submission for publication.
Results
The study population consisted of 952,420 nonelderly adults with continuous enrollment in health insurance programs administered by UHC from 2005 to 2007. Mean age was 35.6 Ϯ 23.0 years, and there were 499,342 (52.4%) women. The largest number of enrollees came from the Dallas market area (298,747), whereas the smallest number of enrollees was located in the Orlando market area (n ϭ 133,561).
During the study period, a total of 90,121 (9.5%) enrollees underwent at least 1 cardiac imaging procedure associated with radiation exposure over the 3-year study period ( Table 2 ). The proportion of enrollees who underwent at least 1 cardiac imaging procedure increased with age, ranging from 1.5% in patients 18 to 34 years old to 20.9% in patients 55 to 64 years old. A higher proportion of men underwent cardiac imaging procedures compared with women (10.5% vs. 8.5%, p Ͻ 0.0001). The proportions of enrollees undergoing any cardiac imaging procedures were highest in the South Florida and Orlando health care markets compared with the 3 remaining health care markets.
A total of 172,194 cardiac imaging procedures with radiation exposure were performed over the 3-year study period. Table 3 reports the number of cardiac imaging procedures performed per 1,000 enrollees/year. Overall, the annual rate of use of cardiac imaging procedures was 60.3 per 1,000 enrollees. MPI was the most common cardiac imaging procedure performed; the second most commonly performed procedure was cardiac catheterization and/or PCI. In general, annual rates for all cardiac imaging procedures were higher in men with the exception of equilibrium radionuclide angiograms/multigated acquisition scans. Overall, approximately one-half of all cardiac imaging procedures took place in physician offices (47.8%), with the remainder divided between hospital inpatients (26.4%) and nonhospitalized patients who underwent imaging in hospital facilities (25.5%). The majority of MPI and cardiac CT studies were performed in physician offices (74.8% and 76.5%, respectively). The total cumulative effective dose received by the study population from cardiac imaging procedures over 3 years was 2,084,221 mSv. Among 90,121 patients undergoing at least 1 cardiac imaging procedure, the mean cumulative effective dose over the 3 years was 23.1 mSv, whereas the median dose was 15.6 mSv (range 1.5 to 543.7 mSv). There were 3,173 individuals who received Ͼ20 mSv annually over the 3-year study period and 75 individuals received Ͼ50 mSv annually. Table 4 reports the number of cardiac imaging procedures and proportion of radiation dose, according to location. Overall, the rate of cardiac imaging procedures was highest in physician offices (28.8 per 1,000 enrollees/year) compared with hospital inpatient and hospital outpatient locations (15.9 and 15.3 per 1,000 enrollees/year, respectively; p Ͻ 0.0001). Slightly more than one-half of the overall radiation dose was delivered in the physician office setting (58.8%). These findings were consistent across enrollee age and sex categories. Physician office-based imaging continued to be largest contributor of procedures and radiation dose across the 5 service markets, with the exception of Wisconsin, where hospital outpatient locations had the highest procedure use and contribution to overall radiation dose. Figure 1 displays the contribution of cardiac imaging procedures to the cumulative effective dose of radiation, according to type of imaging procedure performed. Overall, the largest contributor to the cumulative effective dose was MPI studies, which were responsible for 74.2% of the cumulative effective dose, whereas diagnostic cardiac catheterization and PCI procedures contributed to 21.4%. Among women and men age 18 to 34 years, MPI was the largest contributor to radiation dose (81.3% and 78.4%, respectively). In contrast, among patients with an annual dose Ͼ20 mSv and Ͼ50 mSv, diagnostic cardiac catheterization and PCI procedures were the largest contributors to radiation dose (66.2% and 48.4%, respectively). Of the 75 patients with annual dose Ͼ50 mSv, 73 patients underwent Ն5 diagnostic cardiac catheterization or PCI procedures, with a median of 4 MPI/positron emission tomography studies performed in this subgroup. Of the 3,173 patients with annual dose Ͼ20 mSv, 1,727 patients underwent Ն5 diagnostic cardiac catheterization or PCI procedures with a median of 3 MPI/positron emission tomography studies performed in this subgroup. Table 5 reports the calculated population-based rates of receiving annual effective doses of radiation across different thresholds. Overall, 89.0 per 1,000 enrollees had annual effective doses of Ͼ3 to 20 mSv/year and 3.3 per 1,000 enrollees had doses of Ͼ20 mSv/year. The rate of individuals exposed to Ͼ3 to 20 mSv/year and Ͼ20 mSv/year rose dramatically with increasing age and were higher for men compared with women. Adjusting for age and sex, the population-based rate of receiving annual effective doses of Ͼ3 to 20 mSv and Ͼ20 mSv were highest in the Orlando and South Florida health care markets.
Discussion
This study provides contemporary data on the cumulative effective doses of radiation from cardiac imaging procedures in nearly 1 million nonelderly insured adults. We observed that nearly 1 out of 10 adults underwent at least 1 cardiac imaging procedure with radiation exposure during the 3-year study period. The distribution of cardiac imaging procedures was skewed, with sizable effective doses accumulating in a minority of individuals over time. For example, approximately 10% of our study population overall underwent at least 1 cardiac imaging procedure with radiation exposure.
The public health and clinical implications of radiation exposure from cardiac imaging are not easily determined. 
Clinicians and patients must consider tradeoffs between the benefits of cardiac imaging procedures and their potential long-term risks due to radiation, mainly those of malignancy. The National Academies' seventh Biologic Effects of Ionizing Radiation (BEIR VII) report, a comprehensive assessment of the health risks from exposure to ionizing radiation, estimates that a 100-mSv radiation dose would lead to 1 additional cancer per 100 individuals over a lifetime (21) . Studies have also estimated cancer risk from radiation exposures associated with specific cardiac imaging procedures. A model of CT coronary angiography suggested that the lifetime attributable risks of cancer were 1 in 284 for a 40-year-old woman and 1 in 1,007 for a 40-year-old man (22) . Although the overall proportion of enrollees experiencing high cumulative effective doses was relatively small in our study population, the absolute number individuals at risk may be considerable when our findings are extended to the U.S. population. With approximately 191 million adults age 18 to 64 years in the U.S. (23) , annual effective doses of Ͼ20 mSv/year from cardiac imaging procedures would occur in ϳ636,000 Americans if cardiac testing patterns were similar to those in our UHC population.
Of course, radiation exposure from cardiac imaging procedures may be worth the risk for many patients. Certain procedures, such as PCI or device implantation, are performed to mitigate the risk of near-term and even lifethreatening cardiac events, whereas the potential malignancy risk from radiation exposure is a long-term stochastic consideration that may occur typically decades after exposure (24) . Yet our study demonstrates that there are sizable rates of radiation exposure for patients age 35 to 54 years, many of whom will likely live long enough to for such long-term complications to potentially develop. Many of these younger patients may be candidates for alternative imaging modalities that do not use ionizing radiation but provide similar clinical information for informed decision making. For example, alternatives such as stress echocardiography or in some cases exercise testing alone without imaging could serve as alternatives to MPI scans. Similarly, although cardiac blood pool studies contributed a small amount to overall radiation exposure, judicious use of echocardiography or cardiac magnetic resonance imaging may lead to lower lifetime doses.
In cases in which radiation exposure from cardiac imaging procedures is unavoidable because of clinical need, it is possible that the risks can be reduced even further. Investigators have shown that radiation exposure from cardiac imaging procedures, such as cardiac CT, differs considerably across imaging centers due to variations in equipment, protocols, and experience (25, 26) and that radiation exposure can be reduced further by incorporating optimal technical practices (27) (28) (29) (30) (31) . Given that the current expert consensus is that no level of radiation exposure exists that is not potentially harmful, physicians should be guided by a principle of "as low as reasonably achievable" (ALARA) to reduce lifetime biological risk from the radiation exposure associated with cardiac imaging procedures (32) . As frequent providers of record for many cardiac imaging services and procedures, cardiologists bear a particular responsibility for minimizing radiation risk to patients while achieving clinical goals, balancing potential benefits from reducing the burden of cardiac disease term in the near term with potential harm of malignancy in the long term. Cardiac imaging procedures account for a substantial proportion of the radiation exposure from medical testing. The mean annual effective dose for medical imaging overall in this UHC cohort was previously estimated at 2.4 mSv (5), suggesting that cardiac procedures account for ϳ30% of the total dose received. This proportion parallels recent findings from cross-sectional data collected by the U.S. National Council on Radiation Protection and Measurements (33) .
Yet despite their frequent use of these studies, cardiologists, like many other physician specialists, are not optimally trained in how to describe the risks of radiation to patients (34, 35 providers, and equally concerning is that many physicians are often unable to quantify radiation risk (34, 37) . Educating cardiologists on more effective methods to inform patients regarding the risks of radiation from cardiac imaging procedures and potential alternatives can help to reduce lifetime radiation exposure (35) . The finding that variation in cumulative effective doses of radiation exists across the 5 service markets in our study is not unexpected. Differences in radiation exposure largely reflect regional differences in the rates of cardiac imaging procedures, a previously established phenomenon (39) . Many potential reasons exist that account for regional differences in the use of cardiac imaging procedures with radiation exposure. Differences in patient case mix potentially explain why beneficiaries in Florida were more likely to undergo cardiac imaging procedures, although the cumulative radiation dose remained higher even after adjusting for age and sex. Regional differences may also occur if there were differences in the use of alternative imaging modalities that do not use ionizing radiation-factors such as geographic availability, clinical preferences, and level of reimbursement may be important explanatory factors. Last, our findings may reflect that cardiac imaging procedures are overused in some areas or underused in others; further research examining whether differences in the appropriateness of cardiac imaging exist across regions is needed.
The relationship between the location of cardiac imaging procedures and cumulative radiation dose is not entirely clear. South Florida and Orlando had the highest annual rates of cumulative radiation dose Ͼ3 mSv, with the majority of cardiac imaging procedures taking place in physician offices. In contrast, Dallas and Wisconsin had the 2 lowest annual rates of cumulative radiation dose Ͼ3 mSv, but the former had most cardiac imaging procedures performed in physician offices, whereas the latter had most imaging procedures performed in the hospital-outpatient setting. As such, differences in location of cardiac imaging appear less important than differences in absolute rates of procedure use across service markets. However, as more than half of the radiation from cardiac imaging studies consisted of tests based in physician offices, efforts to monitor and reduce radiation exposure at these facilities may yield greater dose reductions compared with those aimed at hospital-based facilities.
We found that cardiac imaging procedures contributed an increasingly higher proportion of radiation dose with advancing age for both men and women. This phenomenon is not unexpected because the probability of cardiovascular diseases increases with age. Yet on a population level, we also observed that many young and middle-aged patients appear to have some radiation exposure from cardiac testing. For example, 56 per 1,000 beneficiaries age 35 to 44 years old in our study population had a cumulative effective dose Ͼ3 mSv/year from cardiac imaging procedures; this translates into approximately 2.4 million individuals in the U.S. Because younger patients are likely to continue to be exposed to radiation over time from both cardiac and noncardiac testing, they are particularly susceptible to higher risks of malignancy over time. Younger women are especially susceptible to the deleterious effects of radiation exposure and have higher cancer risk from a given exposure compared with older women or men (22, 26) . Our finding that MPI studies contributed to approximately 80% of all radiation dose for patients age 18 to 34 years suggests that alternative modalities to evaluate ischemia (such as stress echocardiography) would decrease the radiation dose substantially for these patients. Among adults with the highest doses of radiation, cardiac catheterization and PCI procedures were important contributors to overall radiation dose.
Cardiologists should exercise particular caution using established techniques for minimizing exposure in the cardiac catheterization laboratory, particularly for patients undergoing repeat procedures (40) . The urgency for implementing strategies for reducing radiation exposure from cardiac imaging procedures will only increase as the volume of such studies continues to grow in the U.S. For example, reimbursement for screening CT scans for coronary calcium is now mandated in 1 state (41) , and the number of cardiac CT studies will almost certainly increase (42) . The expansion of in-office imaging is also thought to be a significant contributor to increased use (43) . Given that nearly one-half of all cardiac imaging procedures overall (and three-fourths of MPI and cardiac CT studies) were conducted in physician offices in our study population, increases in in-office imaging will likely continue to lead to increased imaging volume and radiation exposure. As a result, efforts to monitor and reduce the burden of radiation exposure will be progressively more important as the number of cardiac imaging procedures grows. Study limitations. First, our approach to quantifying radiation is based on estimates of effective dose rather than on a patient-specific measure. These estimates of effective dose rely on a number of assumptions such as the radiosensitivity of specific organs and tissues, specific imaging techniques and protocols, and radionuclide distribution and elimination kinetics (44) . These estimates also are limited because they apply to a "reference" individual that represents an age-and sex-averaged person. However, while imperfect, effective dose is the only readily available measure that reflects the overall potential biological harm across different types of radiation exposure (10, 45) . Because the focus of our study was to evaluate population-level radiation exposure, the precision of patient-specific radiation doses is less of a concern compared with the overall patterns of imaging use and radiation burden.
Second, we are unable to determine the appropriate use of these cardiac imaging procedures. Administrative data are inherently limited in its ability to assess the clinical context under which a procedure was used. For example, determination of risk factors such as family history or diabetes mellitus are not available in our data, and indications for testing based on ICD-9 diagnostic codes are nonspecific, frequently referring to tests ordered to "rule out" particular conditions. Therefore, we could not determine whether any of these cardiac imaging procedures could have been substituted with another test or even whether they should have been used at all. However, the focus of this study was to describe the longitudinal radiation exposure currently delivered in actual clinical practice rather than the exposure that would result under optimal conditions. Third, we are unable to consider operator or facility factors, which may affect the dose received. As noted earlier, radiation exposure from cardiac imaging procedures often vary significantly across institutions and equipment vendors (25) . Similarly, we did not account for continuing technological advances that lower radiation exposure, such as those that have occurred in cardiac CT (46, 47) .
Fourth, our study is based on patterns that were observed during the period 2005 to 2007. Although these data are fairly contemporary, the development of new technologies and protocols for cardiac imaging procedures could have a substantial impact on reducing radiation exposure in the future (48 -51) . Extrapolation to subsequent years is challenging because advances in cardiac imaging procedures (e.g., complex arrhythmia ablations, percutaneous stent valves) will change the patterns of radiation exposure in the general population in unforeseen ways. As an example, although the impact of cardiac CT on overall radiation exposure is small currently, its future impact may be substantial.
Fifth, because the study sample is limited to those continuously enrolled, UHC enrollees who died during the study period may have incurred cardiac imaging procedures with radiation exposure that are not included in our study, underestimating the cumulative rate of exposure. Subjects who leave UHC health insurance plans during this time were also not included; the effect on the cumulative rate of exposure is unknown and depends on whether they were more or less healthy than subjects who remained insured.
Last, our study was limited to 5 major health care markets with private insurance, and the use of cardiac imaging procedures with radiation outside of those areas may differ in other areas of the U.S. Although we included nearly 1 million nonelderly adults, the extent to which our findings can be extrapolated to the elderly or the uninsured is unknown. In addition, studies and procedures performed outside the UHC insurance network that were not reimbursed, in whole or part, would not appear in our data. However, given the substantial cost associated with cardiac testing and procedures, such out-of-pocket services are unlikely to be a major contributor.
